In the Fen complex (Telemark, S.E. Norway), carbonatites of different compositions have penetrated feldspathic fenites (alkali feldspar(s) + aegirine augite + alkali amphibole) or older carbonatites, 
Introduction
A L L metasomatic processes related to the emplacement and crystallization of magma can convey important information about the geochemical character of the liquids responsible, especially when the alteration processes at the immediate contact between intrusions and country rocks (contact metasomatism) are taken into consideration. Such information is of great value for the discussion of the compositional evolution of carbonatite magmas, as carbonatites in many cases only preserve an incomplete memory of magmatic processes, due to late-or post-magmatic re-equilibration and loss of material (Gittins, 1979; Andersen, 1984; 1987b; Dawson etal., 1987) .
Carbonatite magmas are the results of complex chains of processes, involving liquid immiscibility between carbonate and silicate melts, fractional crystallization and exchange of components between magmas and fluid phases (e.g. Le Bas, 1977; Treiman and Essene, 1985) . According to some authors, strongly alkaline carbonatite magmas with Na2CO 3 > CaCO 3 (akin to the Oldoynio Lengai-type natrocarbonatite; Dawson, 1962) are parental to more common, alkali-poor carbonatires (e.g. sCvite, i.e. calcite carbonatite). Alkalirich carbonatite magmas are thought to evolve into normal, alkali-poor calcitic carbonatite magmas by loss of alkalis to magmatic fluids after initial formation of the carbonatite magma (Dawson, 1964; Gittins and McKie, 1980; Dawson et al., 1987; Woolley, 1982; Le Bas, 1981 .
When brought into contact with less peralkaline wall-rocks, a fluid phase exsolving from a natrocarbonatite-type magma would deposit some of its alkali-content in minerals formed in metasomatic reactions. Hence, the presence of country rocks metasomatically enriched in alkalis next to carbonatite intrusions, is good evidence of high initial alkali concentrations in the carbonatite magmas.
Although alkali-enriched metasomatic rocks are widespread in carbonatite and alkaline silicate rock complexes, they are by no means the only metasomatic rocks formed in such settings (e.g. Andersen, 1984 Andersen, , 1986 . The processes by which the alkali-poorer metasomatic rock-types form have not been investigated in any detail. The aim Mineralogical Magazine, September 1989, Vol. 53, pp. 395-414 (~ Copyright the Mineralogical Society of the present study is therefore to characterize the metasomatic processes associated with different types of carbonatite intrusions, from field, petrographical and mineralogical data, and to explore the potential of these processes as indicators of magma composition and evolution. The Fen complex in Telemark, Norway is well suited for a case study of these processes, as it exhibits a variedsuite of carbonatites and contact metasomatic rocks.
The Fen complex
The Fen complex ( Fig. 1) was emplaced in the Cambrian (540-550Ma, Andersen and Taylor, 1988; Andersen and Sundvoll, 1987; Dahlgren, 1987) . It consists of a central carbonatite and alkaline silicate intrusive complex surrounded by metasomatized country rocks, and numerous minor satellite intrusions. The pioneering work of Bragger (1921) established it among the type examples of its kind. Since that time, the geology, petrology and geochemistry of the complex have been extensively restudied (e.g. S~ether, 1957; Bergst~l andSvinndal, 1960; Barth and Ramberg, 1966; Kresten and Morogan, 1986; Andersen, 1983 Andersen, , 1984 Andersen, , 1986 Andersen, , 1987a Andersen, ,b, 1988 Andersen and Qvale, 1986) .
The silicate members of the complex include ijolitic rocks (nepheline + sodic pyroxene), nepheline syenite and damtjernite, which is a phlogopite-bearing ultramafic lamprophyre (Dahlgren, 1987) . Based on published petrographic observations and geochemical data, it is possible to divide the carbonatites into four 'groups', as indicated in Table 1 . The group 1 carbonatites are spatially associated with ijolitic rocks and nepheline syenite, whereas the group 4 pyroelastic intrusions are associated with diatremes of damtjernite-like silicate rocks; each of these rock associations probably reflects close genetical relationships between the silicate and carbonatite members (S~ether, 1957; Mitchell and Brunfelt, 1975; Andersen and Qvale, 1986; Andersen, 1988) .
The present level of erosion through the complex represents a section through the shallow crust (ca. 1-3 km, S~ether, 1957) . Carbonatites are the most abundant magmatic rocks exposed within the central complex, constituting 60% of the total outcrop area, with intrusive silicate rocks amounting to less than 20%, and different types of metasomatically altered country rocks making up the rest. Gravimetric data indicate that the central complex is underlain by a cylindrical body of dense material, probably mafic silicate rocks, extending from a few hundred metres below the present surface to at least 15 km depth (Ramberg, 1973) .
Metasomatic alteration
In the Fen complex, alkali-enriched metasomatic rocks are restricted to the western perimeter (Fig. 1) . Such rocks associated with alkaline igneous rocks and/or carbonatites are known as fenites, and the process of their formation is referred to asfenitization (e.g. McKie, 1966; Verwoerd, 1966) . These terms were introduced by Bragger (1921) and were originally coined for alkali syenitic metasomatic rocks formed from a meta-granitic protolith by introduction of Na20 and leaching of SiO 2. This definition has been considerably extended in later studies, to include (a) all alkali-metasomatized rocks, disregarding their actual composition or protolith (Verwoerd, 1966), or (b) all rocks metasomatized by emanations from alkaline silicate rocks or carbonatites, whether or not alkalis have been mobile (v. Eckermann, 1948; McKie, 1966; Heinrich, 1966) . In the present paper, definition a is used, in agreement with BrCgger's (1921) conception of fenitization as a process involving alkali-enrichment. Kresten (1988) distinguished between aureole fenites, produced by metasomatism extending tens to hundreds of metres from its magmatic source, and contact fenites, formed by processes at the wall-rock to intrusion interface only. The most important features of aureole (A) and contact (C) metasomatic processes in the Fen complex are summarized in Table 2 . Contact fenitization induced by group 1 carbonatite intrusions will be discussed more fully along with other types of contact metasomatism below. S~ether (1957) , Kresten and Morogan (1986) , Kresten (1988) and Morogan (1988) have presented field evidence, petrographical observations and geochemical data to support the hypothesis originally set out by Bragger (1921) , that most of the aureole fenites in the complex were formed by fluids originating from ijolitic and related alkaline silicate magmas, before the emplacement of the carbonatites, pyroxene s~vite/silicos~vite magmas having only minor and local fenitizing influence. Verschure and Maijer (1984 and pers. comm.) have distinguished between two metasomatic events in the fenite aureole, the first (here called A1) producing acmite or sodic amphibole, the second (Az) forming stilpnomelane at the expense of these minerals. From their preliminary data (Verschure and Maijer, 1984) , it is not clear whether the A 2 metasomatic episode involved introduction of alkalis, that is if it can be said to be a fenitization process in the restrictive terminology adopted here. Dahlgren (1978) and Andersen and Qvale (1986) . Sampling localities are indicated. Petrographical data from Andersen (1984 Andersen ( , 1986 Andersen ( , 1988 and Andersen and Qvale (1986) , geochemical data from Andersen (1987a) . Abbreviations: Cpx = clinopyroxene, Amph = amphibole, Phl= phlogopite, Chl = chlorite, Apt = apatite, Cc = calcite, Dol = dolomite, Mt = magnetite, Py = pyrite. Underlined: characteristic / essential silicate mineral. A third, later metasomatic event of aureole extent (A3) , was caused by interaction between rocks and groundwater-derived hydrothermal fluids infiltrating the eastern part of the complex, leading to oxidation of ferrocarbonatite to hematite carbonatite, locally known as 'rOdberg', i.e. 'red-rock' (S~ether, 1957; Andersen, 1984 Andersen, , 1987b . The effect of the A 3 metasomatism can be traced for several hundred metres into the country rock gneiss (Andersen, 1984) , and postdates all but the latest pulses of pyroclastic group 4 ferrocarbonatite in the eastern part of the complex (Andersen and Qvale, 1986 ).
Contact metasomatism: geology and petrography
C1: contact metasomatism associated with group 1 carbonatites. Dykes and veins of pyroxene scvite have intruded into A a fenites which consist of alkali feldspar + aegirine augite + sodic amphibole (Kresten and Morogan, 1986) . The metasomatic effect of this type of carbonatite magma on the A 1 fenite is well illustrated by the contact relations of minor group 1 dykes and veins exposed in roadcuts at Ulefoss (Figs 1 and 2 ).
FIG. 2.
The effect of C 1 contact metasomatism on clinopyroxene in A 1 aureole fenite, sample U6, drawn from photomicrograph. Phase identification: Ruled, calcite (in vein); black, dark green, pleochroic pyroxene; shaded, colourless, non-pleochroic pyroxene; white, alkali feldspar. The figure shows a clinopyroxene + feldspar vein belonging to the A 1 fenite (vein fenite; Kresten, 1988) , cut by a pyroxene scWite vein (group 1). The A 1 pyroxene is characterized by Ac-contents well below 90 mole %. Approaching the carbonatite vein, the pyroxene crystals lose their colour, and change in composition to Ac > 90 mole %. The pyroxene habit is not affected by this process.
The pyroxene of the A 1 aureole fenite away from the pyroxene s0vite is a green, pleochroic aegirine-augite (Fig. 2) . At the interface to the carbonatite, and a few millimetres into the wallrock, the pyroxene has been bleached, to become pale and non-pleochroic. In this process, pre-carbonatite pyroxene grain-shape and delicate structures such as 'comb-layering' along pre-C1 veins in the fenite are retained undisturbed. The matrix feldspar of the A 1 fenite is a cloudy mesoperthite (Ab>90 + Or>90). At the contact with the carbonatite, this feldspar is overgrown by clear alkali feldspar. Microprobe analyses indicate a composition of Ab25Or75.
C2: contact rnetasomatism associated with group 2 carbonatites. The wall-rock alterations caused by biotite s0vite and dolomite carbonatite is of much greater intensity and areal extent than the small-scale contact metasomatism accompanying the pyroxene scvite. Relics of the A1 fenite mineral assemblage (alkali feldspar + sodic pyroxene + sodic amphibole) can be found within the zones modified by C 2 contact metasomatism. Along the contacts of the carbonatites, the feldspathic A 1 fenite has been altered to dark aggregates of mica + amphibole + calcite + apatite (Fig. 3) . At the contact with dykes or veins, the alteration reaches only millimetres to centimetres into the wallrock, as illustrated in Fig. 3 . Near major intrusions or dyke-swarms (e.g. in the Cappelen quarry and S.E. of Ulefoss, the fenite is very thoroughly altered for metres away from the intrusive rocks, leaving only mantled relics of the A 1 aureole fenite.
C3: contact metasomatism associated with group 3 carbonatite. In the Cappelen quarry, swarms of 1-10 mm wide, monomineralic ferrocarbonatite veins cut through sCvite and altered fenite. The veins are continuous for several metres along strike, and not visibly connected to any larger ferrocarbonatite intrusions. The contact relations between the ferrocarbonatite veins and the scvite host-rock are illustrated in Fig. 4 . All veins, evea the thinnest, are surrounded by metasomatic zones, wider than the veins themselves, in which white, coarse-grained calcite of the sCvite has recrystallized to grey, fine-grained calcite. The effects of C 3 contact metasomatism also show up in the cathodoluminescence properties of the minerals: whereas the matrix calcite shows strong orange luminescence (normal for Fen s0vites), the luminescence of the metasomatic zones is less intense, whereas the ferrocarbonatite veins themselves are non-luminescent. The C 3 metasomatism seems to have no mineralogical effects on the C 2 silicate mineral assemblage in the wall rock of the group 2 carbonatites. Ca: contact metasomatism associated with group 4 carbonatite. In the composite pyroclastic
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Fro. 3. The effect of C 2 c o n t a c t metasomatism on feldspathic A t aureole fenite, drawn from photograph. The figure shows a block of group 1 scvite, containing a xenolith of A 1 fenite, from the Cappelen quarry. At the contact between s~vite and fenite, a reaction rim of the C 2 mineral assemblage (phlogopite + amphibole, black) has formed at the expense of alkali feldspar + sodic clinopyroxene (shaded). The scvite is an equivalent to sample C 5.
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intrusion making up the eastern part of the Fen complex, fragments of different wallrocks are intermixed with magmatic material of ferrocarbonatite and mafic silicate composition (Andersen and Qvale, 1986) . Most gneiss fragments have been transformed to chlorite + quartz + albite, but it is commonly not easy to distinguish between the effects of magmatic fluids and postmagmatic re-equilibration within this intrusion (Andersen and Qvale, 1986; Andersen, 1987b) , nor is it always possible to identify the origin of the silicate rock fragments in the intrusion. However, in the contact zone of the intrusion at Torsnes (Fig. 1 ) an exposure of cross-cutting contact to a group 2 dolomite carbonatite dyke can be observed. Since this rock has not been physically incorporated into the fluidized magma, primary textures can still be discerned (Fig. 5 ).
This carbonatite dyke has contained phlogopite phenocrysts set in a dolomitic matrix. The phenocrysts have been transformed to chlorite, which is olive green and transparent along the rims, and brownish and cloudy in central parts of the crystals. The crystals have partly disjoined along the basal cleavage, where lamellae of calcite have been formed (Fig. 5) .
FIG. 5. The result of pseudomorphic replacement of a phlogopite phenocryst in dolomite carbonatite (group 2) with chlorite + calcite + quartz, as an effect of C4 contact metasomatism. Sample To-2 from Torsnes.
The effect of C 3 contact metasomatism on sCvite, drawn from a rock slab (sample C 10 from the Cappelen quarry). Numbers refer to carbonate analyses in Table  7 . The black veins consist of ferrocarbonatite; the white areas represent unaffected sCvite. The grey zones are recrystallized and discoloured, and show reduced cathodoluminesceiace intensity. Length of scale bar: 5 cm.
Chronology of metasomatic events
When related to published data on the Fen intrusive and metasomatic rocks (Saether, 1957; Andersen, 1984; Andersen and Qvale, 1986) , the present observations allow a relative chronology for the different magmatic, aureole (A), and contact (C) metasomatic events in the complex to be worked out.
It is clear from structures such as illustrated in Fig. 2 that the C 1 contact metasomatism postdates the m 1 aureole fenitization. From cross-cutting relationships, the group 2 and 3 carbonatites have been interpreted as younger than the group 1 pyroxene sovite and its associated rocks (S~ether, 1957) . The C2 contact metasomatism can accordingly be interpreted as younger than both A 1 and C 1 metasomatic events, although C 1 and C 2 affect rocks in geographically separated areas. The presence of secondary stilpnomelane in group 2 carbonatites suggests that the A z aureole metasomatism occurred after the emplacement and solidification of these carbonatites. If so, A 2 postdates the C 2 event. The C 3 contact metasomatism affects pre-existing group 2 carbonatites, and must thus postdate C2. Its temporal relationship to A 2 cannot be determined. The group 4 heterogeneous ferrocarbonatite cross-cut intrusive rocks of the type allied to the C2 metasomatism, and thus the C a metasomatic event postdates C2, and possibly also C 3 and A 2. A 3 (postmagmatic oxidation) is the only post-C4 metasomatic event recorded in the Fen complex.
Mineral chemistry

Analytical methods
Pyroxenes, amphiboles, micas and most carbonates were analysed with an ARL-EMX electron microprobe, equipped with a LINK energy dispersive analyser. Standard operating conditions were: 15 kV acceleration voltage, 1 nA beam current and 100 seconds counting time. The raw-data were reduced on-line, using the commercial ZAF4/FLS computer program (Statham, 1976) . Chlorites and the carbonates in sample To-2 have been analysed with a fully automatic Cameca CAMEBAX wavelength-dispersive electron microprobe (15kV, 10nA), using on-line PAP corrections. Both of these procedures allowed the simultaneous quantitative analysis of up to 14 elements. The microprobes were calibrated using a series of natural and synthetic mineral standards. Structural formulae were calculated on the basis of fixed numbers of cations, in the case of pyroxenes and chlorites, Fe 3 § was estimated assuming charge balance to fixed numbers of oxygen anions. Use of a calculated Fe3+/Fe e+ ratio can induce an error in the FeZ+/(Fe2+ + Mg) ratio, because it is influenced by analytical error in SiO2~ From repeated analyses on a series of natural and synthetic standards, a maximum analytical error of +l.0wt.% absolute (2~-values) in SiO2 is expected in an energy dispersive analysis. This will propagate to an error of +7-8% in the calculated atomic Fe2+/(Fe e+ + Mg) ratio for a clinopyroxene. The corresponding error in a wavelength-dispersive analysis is significantly less.
Results
Pyroxene. Pyroxene analyses from A 1 fenite matrix and the C1 contact metasomatic zones adjacent to pyroxene sovite are plotted in Fig.  6 , selected analyses are given in Table 3 .
The groundmass pyroxenes are aegirineaugites, similar to pyroxenes from fenites analysed by Kresten and Morogan (1986) . In the DiHd-Ac (Mg-Fe 2+ + Mn-Na) diagram, the fenite pyroxenes range from ca. DilsHdsoAc35 to ca. Dix0HdsAc85, similar to the variation reported from fenites by Kresten and Morogan (1986) , but some grains show erratic core-to-rim zonation patterns (Fig. 6 ). The pale pyroxene at the interface to the carbonatite is characterized by Ac>93, and contains only negligible Fe z+ , which may be the cause of the weak colour and the lack of pleochroism.
Mica. The analysed micas (Fig. 7 , Table 4 ) fall in two different groups. The pyroxene scvite and the Aa aureole fenite carry green biotite as a secondary phase, replacing pyroxene. This biotite is iron-rich, with annite contents above 50 mole percent, and contains appreciable octahedral aluminium (Fig. 7) .
The group 2 carbonatites contain phlogopite, with rag-values [i.e. atomic Mg/(Mg + Fe)] corresponding to the mg of dolomite in the same rocks (/>75, Table 1 in Andersen, 1986) . Zoning of individual grains is oscillatory, but confined within narrow limits of mg (Table 4 , analyses 10 and 11). The majority of analyses plot close to the phlogopite-annite join, with low tetrahedral iron, unlike phlogopites from some other carbonatites, which tend to have appreciable tetrahedral Fe 3+ (Secher and Larsen, 1980 ; their Sarfart6q trend has been indicated by a broken arrow in Fig. 7) . The apatite-rich rocks associated with group 2 carbonatites have phlogopites of similar composition, but with a somewhat wider variation in rag. The mica dominating the Cz contact metasomatic zones is also a phlogopite, indistinguishable in composition from that of the associated carbonatites.
Amphibole. The amphiboles in group 2 carbonatites (Table 5 , Figs 7 and 8) are richteritic with (Na + K)A > 0.5, whereas the amphibole of undisturbed A 1 aureole fenite range towards arfedsonite and, possibly, to riebeckite and eckermannite with (Na + K)A < 0.5 (Kresten and Morogan, 1986) . In the Ce contact metasomatic zones, the amphiboles range from richterite to magnesioarfvedsonite, all with (Na + K)A > 0.5. Al ( With the exception of the apatite-rich rocks, whose amphiboles are more iron-rich than the associated phlogopite, there is a good correspondence between mg in amphibole and mica among the rock groups studied (Fig. 7) . Amphiboles from the C 2 contact metasomatic zones can easily be distinguished from those of their fenite protolith in terms of mg-values and Na in the B-position (Fig. 8) , the amphibole of the contact metasomatized rocks falls to the high NaB-high mg side of a comparatively well-defined dividing line in a plot of (Na)B vs. mg.
Chlorite. Chlorite pseudomorphs after phlogopite phenocrysts in dolomite carbonatite affected by Ca contact metasomatism (sample To-2, see Figs 7 and 9, Table 6 ) have low calculated Fe 3 § and classify as clinochlore to penninite in the nomenclature of Hey (1954) . The chlorite has uniform mg, nearly identical to that of the phlogopite from which it has formed (Fig. 9) . However, they have higher Si and Mg and lower Fe and A1 than the ripidolitic to thuringitic chlorites in r~dberg, formed during the A 3 post-magmatic alteration ( Fig. 9 ; data from Andersen, 1984) .
The brown, interior parts of the chlorite crystals have distinctly higher K20 than the olive-green rims (Fig. 9) . The brown parts of the crystals probably represent an intermediate stage of the alteration process, involving the progressive loss of interlayer K § cations. A similar evolution, but at different compositions, is seen among the chlorites formed by the alteration of metamorphic biotires in country-rock gneisses affected by the A 3 metasomatism (Andersen, 1984, plotted in Fig.  9 for comparison) .
Carbonates. Carbonate compositions are plot-
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Di ~ ~Hd FIG. 6 . Clinopyroxene analyses projected to the Di-Hd-Ac plane, represented by Mg-Fe 2+ + Mn-Na. Solid symbols refer to A 1 minerals, the open circles to pyroxene affected by C 1 contact metasomatism. Selected microprobe analyses are given in Table 3 . Arrows: core to rim zoning. ted in Fig. 10 and relevant analytical data are given in Table 7 . Analyses of groundmass calcite in the s0vite forming the wall-rock to dyke-facies ferrocarbonatite, show that it is very close to pure endmember composition. The carbonate of the ferrocarbonatite is an ankerite with ca. 40 mol percent of the CaFe(CO3) 2 component, corresponding to the maximum iron content of ankerite reported from ferrocarbonatite by Andersen (1984) . The recrystallized calcite of the C 3 contact metasomatic zones has significantly higher Fe, Mg, and Mn content than the matrix calcite in s0vite. This change in composition correlates with the reduction of cathodoluminescence intensity observed.
Dolomite from group 2 carbonatites ranges from CaMg0.75Fe0.25(CO3)2 to CaMg0.95Fe0.05(CO3) 2 (Fig. 10) . The matrix dolomite of sample To-2 falls within this range, whereas the calcite formed during pseudomorphic replacement of phlogopite by chlorite in this sample is close to the pure endmember composition.
Discussion
A system consisting of an intrusive magma volume and its immediate wall-rock is in chemical and thermal disequilibrium. Even if the temperature at the interface between magma and wallrock may rapidly rise to approach that of the magma itself, a compositional contrast will persist. Contact metasomatic processes tend to reduce the compositional gradient, by material transport processes across the magma to wall-rock interface. Some of the contact metasomatic processes described from the Fen complex have affected silicate rocks or silicate minerals in carbonatites, which are less susceptible to late/post magmatic modifications than the carbonate minerals of the carbonatites. The metasomatic products in question (i.e. the C1, C2 and C4 parageneses) may therefore be assumed to preserve a memory of activity relationships in the carbonatite magma, which may be lost from the carbonatites themselves. Furthermore, because the different groups of carbonatite intrusions have induced different contact metasomatic reactions in uniform wall-rocks, the reactions observed may be used as qualitative to semiquantitative guidelines to the difference in composition between the respective carbonatite magma types.
Mass balance of contact metasomatism
Material which has been added to a rock during carbonatite-induced contact metasomatism must have been derived from the carbonatite magma. Among the four distinct types of contact metasomatism recognized in Table 2 , C3 stands out as a simple case of introduction of ferromagnesian components (FeCO3, MgCO 3 and MnCO 3 'molecules') into a monomineralic calcite carbonatite. The shift of carbonate composition during C 3 metasomatism is illustrated by an arrow in Fig.  10 . As can be seen, this shift goes in the general direction of the intruding carbonatite liquid represented by the ankerite of the ferrocarbonatite. Tables 4, 5 and 6. Broken arrow: The evolution towards tetra-ferri phlogopite in the Sarfart6q carbonatite complex, Greenland (Secher and Larsen, 1980) shown for comparison.
The other contact metasomatic processes (C1, C2, C4) are more complex, for the very reason that they act on polymineralic silicate rocks or carbonatites containing significant amounts of silicate minerals. The mass balance effects of these processes are best illustrated in an A1 -Na + K -Fe t~ + Mg triangular diagram (Fig. 11) .
C1 and C2 both act on m 1 aureole fenites, characterized by a perthitic alkali feldspar (or albite + microcline; Kresten and Morogan, 1986) , aegirine-augite (CPX1) and an alkali amphibole with variable mg (AMPH1) (Fig. 11) . Regardless of the actual modal feldspar to mafic silicate ratio, the strongly peralkaline pyroxene and amphibole minerals make the A1 fenites peralkaline rocks with agpaitic indexes (atomic (Na + K)/A1) > 1.0.
During the Ca contact metasomatism, pyroxene and feldspar(s) remain stable as phases, but change in composition. The shift in K-feldspar composition from Or>90 to Or75 may be a thermal effect rather than a result of metasomatic introduction of sodium, whereas the change in pyroxene composition (CPX1 to CPX2 in Fig. 11 ) can be described as an exchange of pyroxene components between melt and pyroxene:
Because the loss of Mg from the pyroxene is compensated by a gain in ferric iron, the shift in pyroxene composition is constrained to a straight line at constant (Fe t~ + Mg)/A1 towards the Na + K apex in the projection of Fig. 11 . In this process, the agpaitic index of the system of course increases.
The main modal effect of the C 2 metasomatism is replacement of the feldspar phase(s) of the A 1 fenite by phlogopite. Compared to the mafic silicates of the A 1 paragenesis, the C 2 phlogopite has much higher mg (Fig. 7) , suggesting that the total C z process may be adequately described as a case of magnesium metasomatism. In this process amphibole remained stable, only shifting slightly in direction away from the Na + K apex (AMPH1 to AMPH2 in Fig. 11) , and towards higher mg (Fig. 8) . Because of the high (Na + K)/AI ratio of the amphibole, the bulk rock has remained peralkaline through this alteration process; the agpaitic index may, however, have stayed constant or shifted slightly in either direction (Fig. 11) . The C 4 process involves the pseudomorphic replacement of phlogopite phenocrysts in group 2 dolomite carbonatite by chlorite + calcite + quartz, while the matrix dolomite has remained stable. The replacement of phlogopite by a silicarich chlorite and calcite in the presence of dolomite is described by the reaction: 
Contact metasomatism and carbonatite magmas
Simple qualitative or semiquantitative bulk composition considerations, such as presented above, suggest the presence of carbonatite magmas of different compositional character in the Fen complex. The melts responsible for C1 must have been distinctly peralkaline, in order to increase the agpaitic index of the wall-rock, whereas the source of the C4 metasomatism must have been clearly subalkaline, to allow alkali depletion in their wall-rock. In order to be more specific, it is necessary to discuss the carbonatite magmas in terms of the activities of their major components.
A carbonatite magma may be regarded as an ionic melt consisting of metal carbonate components (Treiman and Schedl, 1983) . The Fen carbonatites today contain calcite, dolomite and dolomite-ferrodolomite solid solution, but the presence of smaller or larger amounts of alkali components in the melt cannot be ruled out a priori. It is therefore most convenient to discuss the magmas in terms of the components CaCO3, MgCO 3, FeCO3, Na2CO3 and KzCO 3. In the C2 and C4 contact metasomatic processes marie aluminosilicates (phlogopite and chlorite), alkali feldspar, quartz and a fluid phase also take part. This introduces A1203, SiO2, H20 and CO 2 as additional components necessary to describe the total system. As long as only processes taking place at the contact surface of the intrusions themselves are concerned, the system can be assumed to be isobaric, and the temperature of metasomatism may be taken as constant and set equal to the temperature of the magma, which is in the range 625-650 ~ for carbonatite magmas crystallizing calcite in the presence of an aqueous fluid phase (Wyllie, 1966) .
In the absence of thermodynamical data on molten metal carbonates, the relationship between component activities in a carbonatite magma and contact metasomatic mineral reactions is best illustrated in isothermal, uncalibrated orthogonal log activity diagrams (Fig. 12) . In such diagrams, equilibrium phase assemblages are located on straight lines whose slopes are given by the stoichiometric coefficients of the components in the corresponding reactions.
The mineral reactions involved in the C 2 and C 4 processes are listed in Table 8 , together with their equilibrium constant expressions, assuming (1) that the marie silicate minerals are present as pure magnesium end-members, and (2) that the CaCOa-activity is buffered by solid calcite. The marie silicates formed during C 2 and C4 metasomatism have high and uniform mg-values, suggesting that it is permissible to disregard the FeCO 3 component in the carbonatite melt in the discussion. The second assumption rests on the observation that calcite is omnipresent in these rocks, either as the major liquidus phase of the carbonatite magma, or as a mineral forming during contact metasomatism. Some of the reactions in Table 8 are dependent on the composition of the fluid phase. Experimental data show that carbonatite magmas are only stable at reasonable temperatures in the presence of a water-dominated binary H20-CO 2 fluid phase (Wyllie, 1966) . The presence of such a fluid phase during crystallization of carbonatite magma at Fen is documented by water-rich fluid inclusions in liquidus apatite (Andersen, 1986) . The composition of the fluid phase present during contact metasomatism can therefore be assumed to have been controlled by the carbonatite magma itself, rather than by reactions involving the wall-rocks, at approximately constant Xco 2 < XH20. Fig. 12 has been constructed assuming that Kfeldspar and dolomite are not stable together as liquidus minerals in the carbonatite. The reaction Kf + 3Dol + H20 = Phl+ 3Cc + 3CO 2 defines the high-temperature stability limit of the K-feldspar + dolomite paragenesis. At shallow crustal pressures (1-2 kbars) and realistic carbonatite magma temperature (625-650 ~ this reaction is widely overstepped for any fluid phase composition compatible with a carbonatite magma (I) Kf + 3 [MgCO 3] + H20 = Phl+ 3 CO 2 log K 1 = 3 log aco 2 -3 log aMgcO 3 -log aH20
(2) 6 Phl+ 3 [MgCO 3] + 8 820 = Chl + Qz + 3 [K2CO 3] log K 2 = 3 log aK2CO 3 -3 log aMgCO 3 -8 log aH20 ( Greenwood, 1976; Rice, 1977; Wyllie, 1966) . This is, however, based on the assumption of excess calcite, and does not contradict the existence of K-feldspar + dolomite-bearing carbonatites without primary calcite, such as the The shift of calcite compositions during C 3 contact metasomatism is shown as an arrow.
beforsites from Aln6 (v. Eckermann, 1948; Kresten, 1979 ). In the sodium-free model carbonatite system (CaCO 3-MgCO 3-K2CO 3-SiO 2-A1203-H20-CO2) the seven-phase assemblage Kf + Phi + Chl + Qz + Cc + 1 + v is invariant at constant P and T. (I in the isobaric-isothermal log aK2co3 vs. log aMgcO 3 diagram, Fig. 12) . Among the several possible univariant mineral reactions in this assemblage, reactions 1, 2 and 3 in Table 8 relate the contact-metasomatic processes observed at Fen to the activity relationships in the carbonatite magmas. The presence of sodium in the system may lead to the stabilization of albite as a phase, related to the other minerals by reactions 4 to 6 in Table 8 . In Fig. 12 , the stability field of albite is projected to the log aK2co 3 vs. log aMgco3 plane from two different levels of NazCO 3 activity. The saturation limits of dolomite and an alkali carbonate mineral (nyerereitefairchildite solid solution: (Na,K)2Ca(CO3)3) are also indicated in the diagram.
Since the A1 and C1 parageneses are identical in this simplified system (Ab + Kf + sodic Cpx/ Amph), the MgCO3-KzCO 3 activity diagram does not distinguish between the activity conditions of the A 1 protolith and the product of C 1 contact metasomatism. However, the A 1 and C 1 mineral assemblages suggests that both processes took place at low MgCO 3 activity, but at comparatively high K2CO 3 and Na2CO 3 activity levels (Fig.  12b ). The C 2 process, on the other hand, has involved an increase in MgCO 3 activity, sufficient to change from an Al-protolith into the field of phlogopite stability. The behaviour of the K2CO 3 and Na2CO 3 activities during this process cannot be deduced with certainty, but the non-existence of carbonatites or contact metasomatic rocks with the equilibrium mineral assemblages Phi + Ab seems to suggest a drop in at least aNa2C03 , probably also in aK2CO 3 relative to that of the A 1 fenite precursor (Fig. 12b) .
A drastic drop in K2C03 activity is, however, indicated during the C 4 metasomatic process. This takes place wholly within the field of dolomite stability; the system moves from the Phl+ Dol field of the group 2 carbonatite protolith, into the Chl + Dol field (Fig. 12b) . Under these conditions, reaction 2 in Table 8 becomes an equivalent to the hydration and leaching-reaction derived for C 4 metasomatism above. Castellan, 1971) . The changes in activity of either of the components during contact metasomatism derived from Fig. 12 must therefore point in the direction of the activity conditions of the magma causing the contact metasomatism. Fig. 12b illustrates the characteristics of the three different carbonatite magma types which have induced the C1, C 2 and C 4 contact metasomatic processes as derived from the above considerations. The carbonatite magmas forming group 1 pyroxene s0vite/silicos0vite were characterized by low MgCO 3 activity and high alkali carbonate activities. There are, however, no petrographic indications of the earlier presence of alkali carbonate minerals in these carbonatites (Andersen, 1988) , nor have such minerals been formed in the C 1 metasomatic zones. This suggests that the stability limit of nyerereite-fairchildite s.s. was never overstepped by these carbonatite magmas, and supports the conclusion of Andersen (1988) that the pyroxene s0vite intrusions crystallized from 'peralkaline calcite carbonatite magmas'. Again, it should be noted that the activity conditions of the A a protolith and the C 1 metasomatic mineral assemblage are indistinguishable in this projection, hence the group 1 magma-field will overlap with the protolith/C 1 field in Fig. 12b . The group 2 (and group 3) carbonatite magmas have induced a shift towards higher aigcO 3 and (possibly) lower aK2co3, from an A 1 protolith. The magma field must therefore be situated to the high aMgcO3--1ow aK2co 3 side of the C2 field in the diagram. Among these carbonatites, the dolomite carbonatites must have crystallized from magmas with higher MgCO 3 activity. The topology of the diagram also suggests a higher relative level of aK2co 3 in the dolomite carbonatite magmas (Fig. 12b) . Resorbed dolomite crystals in some group 2 s0vites suggest that some batches of calcite carbonatite magma have evolved from dolomite-saturation to undersaturation at some stage of their crystallization history. The carbonatite magmas involved in C2 metasomatism have lost part of their Mg-content in order to transform feldspar to phlogopite along the intrusive contact. In some, initially dolomite-saturated calcite carbonatite magmas, this Mg-loss may have been sufficient to destabilize dolomite as a liquidus phase.
The low rag-value of the primary carbonates of ferrocarbonatite imply that these rocks formed from magmas characterized by an elevated aveco3, which makes Fig. 12 incomplete as a representation of these melts. However, the absence of reactions between group 3 ferrocarbonatite intrusions and the C 2 silicate mineral assemblage suggests that the magma forming these dykes and veins would have magnesium and alkali carbonate activity levels comparable to those of the group 2 dolomite carbonatite magma.
To induce a shift from group 2 dolomite carbonatite conditions into the C4-field , the group 4 ferroearbonatite magma must have been characterized by a low level of KzCO3-activity compared to other carbonatite magmas at Fen (Fig. 12b) . The intimate association of this ferrocarbonatite with marie silicate rocks related to damtjernite (Andersen and Qvale, 1986 ) suggests a close genetic relationship between these two rocktypes, most probably by liquid immiscibility at a shallow level in the crust (cf. Hay, 1978; Treiman and Essene, 1985) . Recent experimental findings suggest that the pertinent carbonatite + silicate two-liquid field extends to alkali-flee, Ca-Mg-Fedominated carbonatite compositions, which would be equivalent to the Fen group 4 ferrocarbonatite (Kjarsgaard and Hamilton, 1988) .
Implications
Several recent studies have demonstrated the importance of liquid immiscibility, fractional crystallization and wall-rock contamination processes for the evolution of carbonatite magma in the Fen complex (e.g. Mitchell and Brunfelt, 1975; Andersen 1987a; Andersen and Sundvoll, 1987; Andersen and Taylor, 1988) . The present results suggest that group 3 ferrocarbonatite and group 2 s0vite/dolomite carbonatite have comparable MgCO 3 and K2CO 3 activity levels; these carbonatite groups are also indistinguishable in trace element and isotopic compositions (Andersen, 1987a ; see Table 1 , above). These findings may imply that these two groups of carbonatites are cogenetic. On the other hand, neither the peralkaline calcite carbonatite magma forming the group 1 pyroxene s0vite/silicos0vite, nor the group 4 ferrocarbonatite magma have component activity characteristics compatible with a status as derivatives or precursors for any of the other carbonatite magmas which evolved in the Fen complex. Both geological observations and geochemical and mineralogical data suggest that these carbonatites are the products of local trends of magmatic evolution, related to spatially associated silicate intrusives (ijolitic rocks and nepheline syenite for group 1, damtjernite for group 4), rather than to a common primitive carbonatite magma (Andersen and Qvale, 1986; Andersen, 1986 Andersen, , 1987a Andersen, , 1988 .
It has repeatedly been suggested that a wide spectrum of derivative carbonatite magmas may evolve from a common 'primitive carbonatite magma' which may be either an alkali carbonatite magma (Le Bas, 1987) or a less alkaline, magnesium-bearing s0vite magma (Twyman and Gittins, 1987) . The existence of semi-independent, local carbonatite-forming trends of magmatic evolution, as seen in the Fen complex, effectively contradicts the idea of such a unique 'primitive carbonatite magma', regardless of its assumed composition. Rather, the origin of carbonatite magmas should be sought among their spatially and temporally associated igneous silicate rocks.
Conclusions
The present study has shown that contact metasomatism associated with carbonatite magmas in the Fen complex include several different processes, each inducing its characteristic mineral reactions at the magma to wall-rock interface. It is possible to relate the contact metasomatic processes observed to relative activity levels of important carbonate components in the carbonatite magma. For this purpose, carbonatite a. magmas can be regarded as mixtures of the components CaCO3-MgCO3-FeCO3-K2CO3-Na2CO3.
Among the contact metasomatic processes alkali metasomatism or contact fenitization s.s. is related to pyroxene scvite only. This rock-type originated from low MgCO3-activity calcite carbonatite magma with high K2CO 3 and Na2CO 3 activities. Phlogopite-and/or amphibole-bearing s0vite and dolomite carbonatite induced magnesium metasomatism in their wallrocks. These carbonatites crystallized from melts with higher MgCO 3 activity, some of which were dolomite saturated. A high FeCO3 carbonatite magma, forming granular, silicate-poor ferrocarbonatite was apparently similar to the former in aK2CO 3 and aMgco3, and was probably cogenetic with them.
The heterogeneous ferrocarbonatite in the eastern part of the Fen complex has caused hydration and leaching of alkalis at its contact. This magma had an elevated aF~co3, and was dolomite-saturated and characterized by low alkali carbonate activity.
The present findings show that the metasomatic processes induced by carbonatite magmas are diverse, fenitization being one among many, and that they can convey important information on the characteristics and evolution of the carbonatite magmas. In the Fen complex, no single carbonatite magma can have been parent to all of the other carbonatite magmas which formed during evolution of the complex. This questions the validity of the concept of a unique 'primitive carbonarite magma', whatever composition is assumed for that hypothetic liquid, and suggests that the genesis of carbonatite magmas of different composition should be related to different associated silicate magmas, rather than to a single carbonarite precursor.
